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Through	 long-term,	 reversible	 interfacing	 with	 cells,	 nanoneedles	 can	 monitor	 biological	
functions	over	the	course	of	several	days.	Their	nanoscale	dimension	and	the	assembly	into	
large	scale,	ordered,	dense	arrays	enable	monitoring	the	functions	of	large	cell	populations,	
to	 provide	 functional	 maps	 with	 sub-micron	 spatial	 resolution.	 Intracellularly,	 they	 sense	
electrical	 activity	 of	 complex	 excitable	 networks,	 as	 well	 as	 concentration,	 function	 and	
interaction	of	biomolecules	in	situ,	while	extracellularly	they	can	measure	the	forces	exerted	















nanoparticles3	 directly	 to	 the	 cell	 cytosol,	 and	 to	 sense	 the	 intracellular	 milieu4-6	 across	








with	 that	characteristic.	The	number	 in	each	bar	 is	 the	number	of	 reviewed	publications	with	 that	
characteristic.	Numbers	for	each	bar	do	not	sum	to	the	same	total	as	publications	can	contribute	to	
more	than	one	bar	 in	a	given	stack.	*”Fluid”	excludes	biological	 fluids,	+	“in	vivo/ex	vivo”	 includes	




nanostructures	 supported	 on	 a	 substrate10.	 Single	 nanoneedles	 are	 most	 commonly	
nanowires	operated	either	 through	an	AFM9	or	 through	micromanipulators11.	Nanoneedle	
arrays,	 instead,	 encompass	 a	 wide	 variety	 of	 nanostructures	 including	 nanowires1,	




mechanical	 properties	 to	 modulate	 their	 interaction	 with	 cells16	 and	 to	 accurately	 sense	
forces	applied	by	cells17.	The	geometry	of	nanocones	improves	their	stability	over	cylindrical	






nanoneedles;	 these	 include	 the	 broadly	 established	 vapor-liquid-solid	 growth	 of	
semiconductor	nanowires	and	nanotubes,	deposition	techniques	for	metal	nanostructures,	
dry	 etching	 for	 nanopillars,	 metal	 assisted	 electrochemical	 etching	 for	 nanowires	 and	
nanocones,	 focused	 ion	 beam	 milling	 for	 a	 large	 share	 of	 the	 single	 nanoneedles,	
combinations	of	deposition	and	etching	with	sacrificial	templates	for	nanostraws,	and	replica	
molding	 for	 polymeric	 structures.	 When	 looking	 at	 nanoneedles	 used	 for	 sensing,	
semiconductors,	and	within	them	silicon,	take	the	lion’s	share	of	the	materials	used,	 likely	
due	to	the	advanced	manufacturing	techniques	established	by	the	microfabrication	industry	




of	dielectrics	 enables	easier,	 live	 visualization	of	 the	 interaction	with	 cells16,	 and	provides	
waveguides20	 and	 optical	 apertures12	 with	 subwavelength	 characteristic	 dimensions.	 The	
motility	of	soft	polymer	nanoneedles	finds	advantages	for	enhanced	specific	recognition	of	
cells21.		
Nanoneedles	 serve	 primarily	 to	 sense	 the	 intracellular	 environment	 and	 the	 interface	
between	cells	and	their	surrounding,	since	these	are	the	applications	where	their	high	aspect	
ratio	 and	minimal	 invasiveness	 provide	 the	 largest	 advantages.	 Yet	 the	 high	 surface	 area	
available	 for	 selective	 capture/interaction15,22,	 and	 the	 out-of-substrate-plane	 defined	
location	of	nanoneedle	arrays23	provide	advantages	for	sensing	within	biological	fluids	and	in	
the	extracellular	environment22,24.	Biomolecules	and	their	interactions	are	the	main	analyte	
of	 nanoneedle-based	 sensing,	 thanks	 to	 the	 unique	 potential	 to	 probe	 them	 in	 their	
















for	 electrical	 sensing32,	 photonic/Raman	 signals33	 and	 the	detection	of	 cell	 forces17,	while	








aspect	 ratio	 and	 the	 characteristic	 nanoscale	 dimensions,	 nanoneedles	 intimately	 contact	























It	 is	 this	 unique	 interaction,	 whose	 details	 are	 still	 largely	 unexplored,	 that	 enables	 their	
superior	 ability	 to	 investigate	 the	 intracellular	 space.	 In	 order	 to	 grasp	 the	 mechanisms	







yet	 clarified.	 Interfacing	 occurs	 either	 by	 allowing	 the	 cells	 to	 adhere	 and	 spread	 over	
nanoneedles	 or	 by	 forcefully	 applying	 the	 nanoneedles	 over	 cells	 or	 tissues3.	 In	 the	 first	
instance,	cell	suspensions	are	simply	dispensed	over	the	nanoneedles,	following	which	the	
cells	 are	 the	 only	 active	 player	 that	 determine	 the	 evolution	 of	 the	 interfacing	 with	 the	
substrate.	The	details	of	the	interface	achieved	with	this	strategy	are	still	largely	unexplored.	
Cell	lines	as	well	as	primary	cells	known	to	be	particularly	susceptible	to	membrane	integrity,	
such	 as	 neurons	 and	 cardiomyocytes	 retain	 high	 viability	 when	 seeded	 over	 arrays	 of	
nanowires44,	nanopillars32,	nanocones6	and	nanotubes45.	Transmission	electron	microscopy	
of	nanopillars38	and	confocal	microscopy	of	nanowires39	indicate	that	there	is	close	contact	
between	 nanoneedles	 and	 the	 cell	membrane	without	 them	 inserting	 in	 the	 intracellular	
space	 (Figure	 2A-C).	 In	 most	 cases,	 recording	 intracellular	 action	 potentials	 require	 prior	
electroporation	of	the	cells,	and	is	lost	within	a	few	minutes,	further	supporting	the	preserved	
integrity	 of	 the	 plasma	 membrane	 and	 the	 extracellular	 nature	 of	 the	 nanoneedle	
interface28,32,36.	Conflicting	confocal	microscopy	evidence	from	nanowires	does	not	show	the	

























interaction	 with	 the	 intracellular	 space,	 but	 nanoneedle	 arrays	 do	 not	 necessarily	 insert	
within	the	cell.	
Several	 strategies	have	been	developed	to	 forcefully	 interface	 the	nanoneedles	with	cells.	
Single	needles	are	usually	either	the	tip	of	an	AFM	probe	or	are	mounted	at	the	end	of	a	probe	
operated	with	a	micromanipulator.	These	needles	routinely	interface	with	cells	using	linear	
actuators	 that	 move	 them	 against	 the	 cell	 membrane.	 Several	 publications	 with	 AFM-
operated	nanoneedles	provide	 the	most	convincing	evidence	 that	 this	 interfacing	strategy	
can	insert	single	nanoneedles	within	the	cytosol	with	high	efficiency.	By	analysing	the	force-
displacement	curve	during	the	approach	to	cells	of	the	AFM-operated	nanoneedles	(Si)	it	is	
possible	 to	 identify	 sudden	 drops	 in	 force	 attributable	 to	 insertion9,53	 (Figure	 2E-F)	 .	 The	












insertion	 efficiency56,57.	 There	 is	 direct	 evidence	 that	 nanoneedles	 operated	 by	
micromanipulators	can	gain	access	to	the	intracellular	space	by	forcing	their	way	through	the	
cell	membrane,	but	unlike	AFM	nanoneedles	there	 is	no	detailed	study	of	 the	parameters	
conducive	 to	 their	 insertion20,33,43	 (Figure	 2G).	 Decorating	 these	 nanoneedles	 with	
phospholipids45,	 hydrophobic	 silanes58	 or	 cell	 penetrating	 peptides59	 enables	 intracellular	
insertion	without	applied	forces11.		
Arrays	of	nanoneedles	also	interface	with	cells	through	force	application.		These	strategies	




arrays,	 there	 is	 no	 direct	 evidence	 that	 any	 of	 them	 can	 insert	 nanoneedles	within	 cells.	
Suspensions	of	cells	can	be	centrifuged	over	nanoneedle	arrays62,	or	vice	versa	nanoneedles	
can	be	centrifuged	over	cells	adherent	to	a	substrate2.	Hypergravity	values	ranging	from	12.8g	
to	 35.5g	 yield	 improve	 cell	 interfacing	 from	 5%	 to	 80%,	 as	 measured	 through	 delivery	







The	 many	 geometries,	 compositions	 and	 mechanisms	 of	 interfacing	 for	 nanoneedles,	
complicate	 a	 systematic	 assessment	 of	 cytotoxicity	 that	 can	 derive	 clear	 guidelines.	 In	
general,	the	vast	majority	of	the	systems	available	have	all	reached	a	degree	of	optimization	
such	that	they	present	minimal	toxicity	and	invasiveness	for	the	biological	systems	they	have	
been	 tested	with.	 In	vitro,	AFM	operated	nanoneedles	 (Si)	display	a	 threshold	 for	a	 sharp	
increase	 in	 toxicity	 at	 400	 nm	 in	 diameter60.	 Despite	 cytotoxicity	 is	 not	 reported	 in	 all	
instances,	several	strategies	for	forceful	application	of	nanoneedles,	including	hypergravity60,	
mechanical	 actuation43,	 and	 piezoelectric	 oscillation	 61	 retain	 cell	 viability	 comparable	 to	
controls.	Similarly,	nanostraws	 (Al2O3)	are	not	 toxic	 to	primary	cells,	despite	being	able	 to	
extract	up	 to	10%	of	 intracellular	 reporter	proteins19.	 Equally,	with	optimized	geometries,	
seeding	 cells	over	nanoneedles	does	not	 induce	 toxicity,	 including	primary	 cells	of	 known	














Seeding	 N	 Cell	density	 >90	 2	
Hypergravity	 Y	 Acceleration	Duration	 ~80	
60	
AFM	 Y	 Force	Speed	 70	
42	
Piezo	oscillation	 Y	 Distance	Duration	 42	
61	











essential	 to	 develop	 strategies	 for	 their	 efficient	 and	 selective	 capture	 that	 rapidly	 and	
robustly	 screen	milliliter	quantities	of	blood.	The	captured	cells	 should	 then	be	preserved	
viable	and	made	readily	available	for	downstream	analysis.		
	





negative	 cells	 is	 significantly	 lower	 than	 specific	 capture.	 Reproduced	 with	 permission	 from64.	
Copyright	 ©	 2009	 WILEY-VCH	 Verlag	 GmbH	 &	 Co.	 KGaA,	 Weinheim.	 (B)	 Integrating	 the	 silicon	
nanowire	 array	 (I)	 within	 a	 microfluidic	 chaotic	 mixing	 chip	 enhances	 capture	 efficiency.	 (II)	 The	
microfluidic	 flow	 rate	 affects	 capture	 efficiency	 and	 the	 distribution	 of	 captured	 cells	 along	 the	
channel.	Reproduced	with	permission	from54.	Copyright	©	2011	WILEY-VCH	Verlag	GmbH	&	Co.	KGaA,	
Weinheim.	 (C)	Hierarchical	 ITO	nanowires	 for	circulating	cancer	cell	capture.	 (I)	SEM	showing	first-
generation	(left)	and	second	generation	(right)	ITO	nanowires.	(II)	Increasing	generations	of	the	ITO	
nanowires	 improve	 the	 capture	 efficiency,	with	 no	 effect	 on	 non-specific	 capture.	 Reprinted	with	
permission	from	15.	Copyright	2016	American	Chemical	Society.		(D)	Schematic	depiction	of	the	capture	












of	 the	nanowires	 influences	 capture	efficiency,	 requiring	nanowires	of	6	μm	or	 longer	 for	




improves	 its	efficiency54	 (Figure	3B).	The	device	 is	assembled	by	overlaying	an	88	cm	 long	
serpentine	 PDMS	microchannel	 over	 a	 nanowire	 substrate.	 Chevrons	 texturing	 the	 PDMS	







this	 system	 shows	 that	 it	 could	 capture	 CTCs	 in	 greater	 numbers	 than	 the	 CellSearch	
commercial	system	used	for	comparison.	
An	alternative	strategy	 to	 improve	capture	efficiency	by	nanoneedles	 is	 to	 form	branched	
hierarchical	 nanowires	 (ITO),	 instead	 of	 vertically	 oriented	 ones15	 (Figure	 3C).	 Multi-step	
chemical	vapor	deposition	can	generate	hierarchical	nanowires	where	multiple	generations	
of	 orthogonal	 branches	 stem	 from	 the	 initial	 vertical	 nanowire.	 Flat	 ITO	 surfaces	 capture	
EpCAM	positive	cells	with	1.4%	efficiency,	while	vertical	ITO	nanowires	have	a	67%	efficiency.	
Adding	one	generation	of	branches	increases	efficiency	to	85%	and	the	second	generation	
further	 enhances	 it	 to	 89%	 while	 maintaining	 elevated	 cell	 viability.	 Embedding	 gold	





When	 increasing	 incubation	 to	40	minutes,	 the	 capture	yields	 rise	 to	~40%	and	over	80%	
respectively.	Thanks	to	the	strong	absorption	of	the	Au	nanoclusters	in	the	NIR,	it	is	possible	
to	combine	selective	capture	of	CTCs	with	photothermal	therapy	inducing	their	death.	
Polymer-based	 nanotubes	 can	 capture	 CTC	 with	 approximately	 80%	 efficiency21.	 The	






(Figure	 3D).	 The	 capture	 system	 consists	 of	 anti-EpCAM	 antibody	 linked	 through	 biotin-
streptavidin	to	a	poly(N-isopropylacrylamide)	 (PNIPAm)	grown	onto	silicon	nanowires	by	a	
surface	initiated	atom-transfer	radical	polymerization.	In	this	system	the	capture	antibody	is	
exposed	 when	 the	 PNIPAm	 is	 coiled	 above	 its	 transition	 temperature	 (Tc),	 and	 becomes	
hidden	 when	 PNIPAm	 is	 extended	 below	 Tc.	 In	 general	 PNIPAm	 above	 Tc	 supports	 cell	















inhomogeneous.	 While	 LSC	 would	 represent	 a	 useful	 technique	 to	 extract	 information	












Si	NWs	 65	 N/A	 5	 64	
Si	NWs	+	
microfluidic	 >95	 N/A	 50	
54	
ITO	multibranch	
nanowires	 89	 ~10	 N/A	
15	
Au	nanoclusters	
within	SiNWs	 >80	 N/A	 N/A	
66	
Polystyrene	
nanotubes	 80	 20	 2	
21	
PNIPAm	coated	
Si	NWs	 >90	 N/A	 10	
30	




Regulating	 forces	at	 the	nanoscale	 level	 is	an	 important	mechanism	for	cell	 signaling	with	
implications	 in	 growth,	 migration	 and	 development.	 Crucial	 cellular	 processes	 including	
adhesion,	cell-cell	contact,	division	and	migration	 involve	orchestrated	variations	of	 forces	
within	the	cell	both	as	effectors	and	as	signaling	components.	Cytoskeletal	tension	and	 its	
interplay	 with	 the	 extracellular	 matrix	 has	 a	 strong	 influence	 in	 determining	 the	 fate	 of	
pluripotent	 cells.68,69	 Locally	 sensing	 the	 forces	 applied	 by	 cells	 to	 their	 environment	 is	 a	




high	 packing	 density,	 small	 size	 and	 wide	 range	 of	 stiffness,	 nanoneedles	 have	 a	 great	
potential	to	detect	small	forces	with	high	spatial	resolution.		
Nanoimprinted	 polycarbonate	 pillars	 imaged	 by	 electron	 microscopy	 can	 detect	 cellular	









intervals	 tracks	 their	 displacement	 from	 the	 rest	 location,	 and	 calculating	 the	 associated	
forces.	 The	 quality	 of	 the	 force	 estimation	 is	 improved	 by	 using	 stroboscopic	 imaging	 to	
experimentally	 measure	 the	 Young’s	 modulus	 of	 the	 nanowires,	 rather	 than	 relying	 on	
theoretical	estimates.	With	prolonged	imaging,	this	strategy	allows	monitoring	the	changes	
in	 the	 direction	 of	 force	 application	 over	 time,	which	 reflect	 the	 dynamics	 of	 the	 growth	
process	 of	 the	 leading	 edge	 of	 neural	 fibers.	 Following	 the	 displacement	 of	 multiple	
















extended	 to	map	 forces	 across	 biofilm	 in	 culture	 and	 to	 detect	 the	 effects	 of	 surface	 coating	 on	







measurement	 may	 suffer	 from	 sample	 processing	 artifacts.	 Optical	 microscopy	 imaging	
allows	 distinguishing	 the	 orientation	 of	 cells	 with	 respect	 to	 the	 substrate,	 and	 to	 build	
dynamic	traction	forces	map	for	vertical	and	horizontal	oriented	cells.	The	role	of	adhesion	








state	 of	 excitable	 cells	 such	 as	 neurons	 and	 cardiomyocytes.	 Dysregulation	 of	 electrical	
activity	in	these	cells,	which	often	arises	as	the	consequence	of	disorders	in	the	regulation	of	
ion	flow	between	cell	compartments	and	across	the	cell	membrane,	cause	pathological	brain	




Nanoneedles	 are	 ideally	 positioned	 as	 tools	 to	 measure	 intracellular	 potential	 for	 large	
populations	 of	 cells	 with	 minimal	 invasiveness.	 Unlike	 traditional	 intracellular	
electrophysiology	probes,	they	can	detect	intracellular	electrical	signals	without	exchanging	
ions,	thus	minimizing	the	biochemical	disturbance	to	cells.	Further,	their	limited	size	reduces	
the	 insult	 to	 the	 cell	 membrane	 with	 respect	 to	 both	 micropipettes	 and	 microelectrode	
arrays,	reducing	associated	toxicity	and	extending	the	duration	of	safe	interfacing.		
Single	 kinked	 nanowire	 field	 effect	 transistors	 (Si)	 can	 spatially	 probe	 local	 intracellular	
electrical	 activity11.	 They	 are	 operated	 with	 a	 micromanipulator	 and	 fuse	 with	 the	 cell	
membrane	 of	 rat	 neonatal	 cardiomyocytes	 when	 gently	 contacting	 it,	 thanks	 to	 a	
phospholipid	 coating.	 They	 can	 sense	 intracellular	 action	 potential	 within	 1-20s	 following	




propagation	 across	 them.	 Similarly,	 single	 field	 effect	 transistors	 (bit-FET)	 can	 act	 as	
extracellular	recorders	of	intracellular	potential45	(Figure	5A).	They	rely	on	a	hollow	nanotube	
gate	 (SiO2)	 placed	 between	 a	 source-drain	 across	 a	 nanowire	 (Si).	 The	 nanotube	 extends	
orthogonally	 out	 of	 the	 substrates	 that	 hosts	 the	 nanowire.	 In	 this	 way	 the	 nanotube	
interfaces	with	 cells	 as	 a	 nanoneedle.	 The	 variation	 in	 cytosolic	 potential	 are	 transferred	
within	the	nanotube,	thus	varying	the	potential	of	the	gate	electrode.		
	





Reprinted	by	permission	 from	Macmillan	Publishers	Ltd:	Nat.	Nanotechnol.	 45,	 copyright	 (2012).	 (B)	
Arrays	of	platinum	nanopillars	(I)	record	electrical	activity	extracellularly.	They	can	deliver	a	train	of	
voltage	 pulses	 to	 electroporate	 cells	 and	 (II)	 measure	 intracellular	 action	 potentials.	 (III)	 The	
intracellular	 interfacing	 is	 progressively	 lost	 over	 the	 course	 of	 a	 few	 minutes.	 Reproduced	 with	
















within	 the	 cell	 cytosol.	 The	 bit-FET	 has	 a	 temporal	 resolution	 better	 than	 0.1ms,	with	 an	
experimentally	validated	bandwidth	of	at	least	6kHz.	Phospholipid-modified	bit-FETs	placed	
in	contact	with	a	cell	sheet	can	accurately	record	intracellular	potential	and	can	be	re-used	




cultured	 on	 them,	 in	 a	 setup	 similar	 to	 microelectrode	 arrays6,32	 (Figure	 5B).	 The	
measurements	require	sending	an	initial	train	of	voltage	pulses	of	the	order	of	few	volts,	in	
order	to	electroporate	the	cell	and	gain	intracellular	access.	Once	inserted,	the	nanoneedles	










to	 initiate	 intracellular	 recording.	 The	magnitude	 and	waveform	of	 the	 voltages	 recorded	
match	very	well	those	recorded	by	electroporation,	and	have	a	signal	to	noise	ratio	of	838	
over	 a	 5KHz	 bandwidth.	 This	 broad	 monitoring	 of	 multiple	 cells	 enables	 distinguishing	
subpopulations	of	 ventricular-,	 atrial-	 and	nodal-like	 cardiomyocytes	within	 the	 larger	 cell	




patient-derived	 hIPSC	 approach	 is	 an	 extremely	 promising	 strategy	 to	 investigate	 disease	
phenotypes	and	to	screen	candidate	drugs75,76.	Using	the	nanoneedles	with	HIPSCs	derived	







provides	 a	 control	 analog	 circuitry	 which	 includes	 multiplexers	 for	 nearly-simultaneous	
sampling	at	9.75KHz.	The	system	AC	couples	the	amplifier	to	the	nanoneedles	and	operates	














with	 the	 different	 regions	 of	 the	 culture	 (Figure	 5C	 III).	 The	 recording	 also	 reveals	 links	
between	 this	 inhomogeneity	and	 the	polarization	dynamics	across	 the	network	 leading	 to	
arrhythmia	within	the	cardiomyocyte	sheet.	The	recording	of	these	subthreshold	membrane	
potential	dynamics	across	a	cellular	network	is	unique	to	the	nanoneedle	array	capacity	to	
simultaneously	 monitor	 intracellular	 activty	 for	 a	 large	 number	 of	 cells,	 and	 cannot	 be	
achieved	with	patch	clamps	or	microelectrode	arrays.			





















less	 than	2s.	The	poration	can	be	repeated	multiple	 times	to	monitor	 the	action	potential	
within	the	same	cell	over	the	course	of	eight	consecutive	days.	This	 longitudinal	recording	




biological	 systems58.	 A	 single	 nanoneedle	 (W),	 operated	 through	 micromanipulators	 can	





nanoneedles	 (Au/GaP)	 can	 record	 electrical	 activity	 from	 the	 rat	 cerebral	 cortex	 in	 vivo8	
(Figure	 5E).	 The	 array	 consists	 of	 nanowires	 with	 500nm	 pitch	 over	 a	 circle	 with	 12	 μm	
diameter.	The	device	substrate	is	cut	so	that	the	nanoneedle	array	resides	on	the	side	near	
the	tip	of	a	spear	electrode	that	can	be	micromanipulated	into	the	cortex	of	a	living	mouse.	








the	 ultimate	 goal	 of	 systems	 biology.	 Similarly,	 the	 detection	 and	 measurement	 of	
concentration,	 localization,	 activity	 and	 interaction	 of	 biomolecules	 and	 ions	 in	 the	
intracellular	 and	 pericellular	 space	 with	 high	 spatiotemporal	 resolution	 and	 low	 limits	 of	
detection	is	crucial	to	advancing	our	understanding	of	biological	interactions,	and	to	improve	
the	diagnosis	and	treatment	of	diseases.	Nanoneedles	 interact	with	the	intracellular	space	
with	 minimal	 disturbance	 at	 the	 length	 scales	 at	 which	 molecular	 processes	 occur,	 and	
represent	a	unique	 tool	 to	sense	unperturbed	biological	 systems	with	high	 resolution	and	
sensitivity.	
AFM	operated	single	nanoneedles	(Si)	can	monitor	the	intracellular	environment41.	Decorated	
with	antibodies	against	 specific	proteins,	 they	can	be	 inserted	within	 the	cell,	where	 they	
measure	the	antibody-ligand	interaction	by	detecting	steps	in	the	force-displacement	curve	
caused	by	unbinding	events	that	occur	during	the	retraction	of	the	needle	(Figure	6A).	With	
this	 strategy	 it	 is	 possible	 to	 locally	 detect	 several	 cytoskeletal	 proteins,	 including	 actin78,	
microtubules31,	 nestin79	 and	 vimentin41.	 In	 all	 cases,	 non-specific	 interaction	 between	 the	





minimal	 perturbation	 provides	 a	 unique	 strategy	 to	 investigate	 intracellular	 biomolecules,	 their	
activity	 and	 their	 interaction.	 (A)	 AFM	nanoneedles	 (I)	 decorated	with	 antibodies	 can	 be	 inserted	
within	cells	to	detect	a	specific	target.	(II)	Upon	retraction	of	the	nanoneedles,	drops	in	force	of	the	
order	 of	 200pN	 and	 larger	 are	 associated	with	 the	 unbinding	 of	 the	 antibodies	 from	 their	 ligand.	
Reprinted	from	79,	Copyright	(2011),	with	permission	from	Elsevier.	(B)	Nanoneedles	arrays	(I)	carrying	
a	 FRET	molecular	 beacon	 (Green)	 interfaced	with	 cells	 (Cytosol	 in	 red)	 can	 (II)	 detect	 intracellular	
GAPDH	mRNA	by	a	time-dependent	change	 in	FRET	ratio.	This	strategy	can	discriminate	the	 larger	
mRNA	concentration	in	the	cytosol	as	opposed	to	the	nucleus.	Reproduced	under	creative	commons	
licence	 from61.	 (C)	The	 local	enhancement	of	 fluorescent	signal	due	 to	 the	nanoneedle	 tip	enables	
monitoring	the	interaction	between	b1AR	and	PSD-95	at	the	cell	membrane	by	improving	twenty-fold	
the	co-localization	signal	with	respect	to	what	observed	away	from	the	nanoneedle	tip.	Reprinted	with	
permission	 from	 47.	 Copyright	 2016	 American	 Chemical	 Society.	 (D)	 Nanoneedle	 arrays	 (I)	
functionalized	with	 fluorescent	 Cathepsin	 B	 substrate	 peptides	 detect	 cells	with	 high	 Cathepsin	 B	
cytosolic	activity	by	highlighting	their	cytosol,	in	this	way	discriminating	cancer	cells	from	healthy	ones	
through	their	metabolic	activity.	(II)	This	strategy	applied	to	tissues	can	map	intracellular	Cathepsin	B	
activity	 at	 the	 tumor	 margins,	 highlighting	 patches	 of	 high	 and	 low	 activity.	 Reproduced	 with	
permission	from18.	Copyright	©	2015	WILEY-VCH	Verlag	GmbH	&	Co.	KGaA,	Weinheim.	(E)	Nanoneedle	
arrays	 functionalized	 with	 a	 pH	 sensitive	 dye	 (FITC)	 and	 a	 pH	 insensitive	 one	 (AF	 633)	 maps	
intracellular	and	extracellular	pH	in	cancer	(OE33)	and	healthy	(Het-1A)	cells	in	culture,	detecting	the	
lower	pH	of	cancer	cells.	Reprinted	with	permission	from	3.	Copyright	2015	American	Chemical	Society.		




Copyright	 2013	 American	 Chemical	 Society.	 (G)	 Nanocone	 plasmonic	 antennas	 can	 identify	 the	
molecular	composition	of	cells	by	SERS	analysis(I).	The	SERS	signal	originating	from	the	tip	of	an	Ag/Au	
coated	nanocone	is	6.5x105	higher	than	that	obtained	on	flat	plasmonic	surfaces	and	allows	detecting	





optical	 microscopy	 and	 depends	 on	 the	 duration	 of	 the	 extraction	 and	 the	 number	 of	 extracting	
nanostraws.	Reprinted	with	permission	from19.	
This	strategy	allows	monitoring	both	the	number	of	drops	occurring	for	each	insertion	and	




cells	 allows	monitoring	 caspase-3	 activity	 through	 the	 changes	 in	 fluorescent	 signal4.	 This	
approach	yields	a	1.7-fold	change	 in	 fluorescence	upon	exposure	of	 the	nanoneedle	to	an	
active	Caspase-3	solution,	and	allows	monitoring	 its	activation	within	apoptotic	HeLa	cells.	
Despite	the	low	Young’s	modulus	of	apoptotic	HeLas	(~10kPa)	the	needles	insert	with	over	





by	quantifying	the	decrease	 in	FRET	signal	over	time	following	 insertion61	 (Figure	6B).	This	
strategy	distinguishes	the	greater	decrease	in	FRET	signal	for	nanoneedles	inserted	within	the	
cytosol	 from	 a	 smaller	 decrease	 associated	 with	 nuclear	 insertion,	 to	 provide	 spatially	
localized	information.	The	fluidic	force	microscope	(FluidFM)	provides	a	400nm	nanochannel	
leading	to	a	microfluidic	reservoir	integrated	within	a	pyramidal	AFM	tip		80.	The	FluidFM	can	
approach	and	contact	 individual	 cells	under	optical	microscopy	guidance,	 and	by	applying	
underpressure,	it	can	extract	as	little	as	0.1pl	of	fluid	from	a	single	cell.	The	volume	of	the	
extracted	fluid	can	be	controlled	with	high	precision.	The	FluidFM	can	specifically	extract	fluid	






be	 analyzed	 by	 electron	microscopy	 to	 observe	 the	 ultrastructure	 of	 their	 vescicular	 and	
filamentous	components.	The	enzymatic	activity	of	β-	galactosidase	and	Caspase	3	can	be	
detected	 directly	 within	 the	 single-cell	 extract	 droplet.	 The	 FluidFM	 approach	 can	 also	
quantify	the	expression	of	genes	and	the	relative	localization	of	their	mRNA	in	the	nucleus	
and	cytoplasm	of	a	single	cells	by	qPCR	on	the	extract.		
Single	 nanoneedles	 (SnO2)	 operated	 through	 micromanipulators	 can	 act	 as	 intracellular	
endoscopes20.	When	mounted	at	the	end	of	an	optic	fiber	they	can	guide	light	within	the	cell	











the	 QD	 and	 the	 nanowire	 tip,	 providing	 a	 tool	 for	 high-spatial	 resolution	 mapping	 of	




mercaptobenzoic	 acid.	 Photonic	 crystals,	 which	 can	 be	 extremely	 efficient	 biosensors81,	




for	 several	 days.	 As	 a	 model	 for	 its	 ability	 to	 detect	 biological	 interaction,	 a	 biotin-
functionalized	 cavity	 allowed	monitoring	 the	binding	of	 streptavidin	 in	 solution	 through	a	
consistent	redshift	in	its	resonant	mode.		












generates	 an	 angular	 aperture	 of	 55	 degrees	 to	 the	 normal	 of	 the	 nanowires,	 where	
combining	the	incoming	and	outgoing	photon	enhancement	with	the	waveguiding	enhances	
fluorescent	 signals	 up	 to	 20-fold,	 at	 10nm	 from	 the	 tip.	 Using	 this	 setup,	 it’s	 possible	 to	
monitor	 molecular	 interaction,	 with	 a	 12.8-fold	 specific	 signal	 enhancement	 over	 TIRF	
detection.	This	setup	is	ideally	designed	to	investigate	low-affinity	interaction	occurring	at	the	
cell	 membrane;	 indeed,	 the	 GaAs	 nanowires	 can	 detect	 the	 interaction	 between	 the	 G-








the	 substrate.	 Single	 quantum	 dots	 can	 be	 attached	 to	 the	 tip	 of	 the	 pillars	 and	 excited	
through	 them	 to	 become	 switchable,	 point-like	 light	 sources.	 Thanks	 to	 the	 illumination	
mechanism,	the	light	from	these	sources	is	detectable	with	a	signal	to	background	ratio	of	5	
within	a	solution	containing	100nM	of	the	same	QDs.	By	coupling	an	anti-GFP	antibody	to	the	
pillar	 is	 it	 possible	 to	 locally	 detect	 the	 fluorescence	 originating	 from	 GFP	 fused	 to	 a	
transmembrane	protein,	while	eliminating	the	background	signal	that	would	otherwise	arise	
from	the	cytosolic	GFP.		
Nanoneedle	 arrays	 can	 harvest	 and	 concentrate	 biomolecules	 from	 solution,	 in	 order	 to	
improve	 their	 detection.	 Specific	 harvesting	 of	 fluorescent	 streptavidin	 from	 solution	 on	
biotin-functionalized	 nanowires	 (InAs),	 and	 that	 of	 histidine	 tagged-GFP	 on	 Ni2+:NTA	
nanowires	 (InAs)	 shows	 effective	 harvesting	 from	 solution	 and	 direct	 imaging	 on-needle	
without	background,	thanks	to	ability	to	image	the	tips	and	exclude	background	from	non-
specific	 adhesion	 to	 the	 substrate23.	 With	 this	 approach	 it	 is	 possible	 to	 calculate	 the	
streptavidin-biotin	 binding	 curve	 and	 estimate	 their	 binding	 affinity.	 The	 setup	 can	 also	
monitor	a	proof	of	principle	of	enzymatic	activity	by	detecting	the	increase	in	fluorescence	
following	 the	 binding	 of	 SNAP-CLIP	 to	 its	 yellow	 fluorescent	 substrate	 BG-549.	 Similarly,	
nanowires	 (Si)	decorated	with	antibodies	 for	 capture,	 can	harvest	a	 target	protein	 from	a	
spiked	serum-like	solution	as	well	as	real	blood	samples22.	Its	concentration	can	be	monitored	







(C-diamond)	 functionalized	 with	 antibodies	 against	 NF-kB,	 can	 capture	 it	 intracellularly34.	
Once	the	nanoneedles	are	extracted	from	the	cells,	the	protein	is	identified	and	quantified	by	
immunofluorescence	 staining.	 This	 strategy	 allows	 monitoring	 the	 reduced	 cytoplasmic	
localization	of	NF-kB	over	time,	following	stimulation	of	interferon	genes	(STING).	Similarly,	
nanoneedle	arrays	 (Si)	 can	detect	protein-interactions	 in	a	 strategy	 similar	 to	a	pull-down	
assay	25.	Nanoneedles	functionalized	with	anti	c-abl	antibody	can	specifically	pull	down	the	




simultaneously	detect	 the	presence	of	 the	 fusion	protein	and	 its	 interaction	with	GrB2	by	
orthogonal	 immunofluorescence.	 The	 assay	 can	 also	 monitor	 the	 reduction	 of	 Grb2	
interaction	 with	 brc-abl	 upon	 imantinib	 treatment.	 Similarly	 to	 the	 immunofluorescence	
strategy,	the	interaction	can	also	be	monitored	by	enzyme-linked	immunoassay	in	an	ELISA-
like	format.	
Using	 fluorescently-labeled	 peptides	 as	 substrates,	 nanoneedles	 (Si)	 can	 detect	 the	
intracellular	protease	activity	of	Caspase-37	and	Cathepsin	B2	(Figure	6D).	In	both	cases	the	
detection	 relies	 on	 the	 fluorophores	 that	 are	 retained	 within	 the	 cells’	 cytosol	 as	 a	





cells	 from	healthy	ones	within	 the	 same	culture.	Confocal	microscopy	or	 flowy	 cytometry	
analysis	can	detect	at	single	cell	level	the	the	selective	accumulation	of	fluorescent	peptide	
fragments	 within	 the	 cytosol	 of	 cancer	 cells,	 due	 to	 their	 elevated	 Cathepsin	 B	 activity.	
Applying	 this	 strategy	 to	 biopsy	 samples	 of	 tumors	 can	 distinguishing	 normal	 and	 tumor	
regions	and	delineate	 intracellular	Cathepsin	B	activity	 across	 tumor	margin	 samples	with	
resolution	approaching	that	of	single	cells	(Figure	6D).	This	same	nanoneedle	array	(Si)	can	
distinguish	 cancer	 cells	 from	 healthy	 ones	 by	 probing	 their	 intracellular	 pH3.	 Ratiometric	
measurement	of	 the	fluorescence	 intensity	of	a	pH	sensitive	dye	and	a	pH	 insensitive	one	
simultaneously	 conjugated	 to	 the	nanoneedles,	maps	pH	across	 the	array	 (figure	6E).	 The	
location	of	cancer	cells	with	low	pH	can	be	detected	in	this	way.	The	simultaneous	delivery	of	
a	cell-impermeant	payload	during	pH	sensing	and	the	lack	apoptosis	arising	within	these	cells	
shows	 that	 sensing	and	delivery	with	nanoneedles	are	 tightly	 interwoven	processes,	 likely	
underpinned	by	 common	 features	 of	 the	unique	nanoneedle	 biointerface,	 and	 that	 these	
interactions	are	well	tolerated	by	cells.		
Nanoneedle	 arrays	 (Si)	 with	 suitable	 peptide	 substrates	 can	 also	 monitor	 the	 activity	 of	
phosphatases	 and	 kinases	 using	 mass	 spectrometry	 analysis7.	 Nanoneedle	 arrays	 (Si)	 are	





detection	with	 a	 performance	 comparable	 to	 regular	MALDI	 approaches,	 but	without	 the	
interfering	signal	from	the	matrix.	Parameters	such	as	the	length	of	the	needles,	their	spacing,	
their	 porosity,	 and	 their	 surface	 tension	 have	 strong	 effect	 on	 the	 performance	 of	 the	






phosphorylated	 substrates	 respectively	 (Figure	 6F)	 thus	 monitoring	 the	 kinetic	 of	 PKA	
following	stimulation	of	cAMP.		
Raman	 spectroscopy	 on	 nanoneedle	 arrays	 (Si/TiO2)	 can	 detect	 biomolecules	 at	 the	 cell	
membrane.	High	density	silicon	nanowires	have	strong	light	adsorption	across	the	UV-Visible	
and	NIR	spectrum,	as	a	 result	of	multiple,	 randomly	oriented	scattering	events	originating	
from	 the	 interaction	 with	 the	 electromagnetic	 radiation85.	 This	 property	 significantly	
increases	 the	 cross	 section	 for	 Raman	 scattering	 by	 increasing	 the	 scattering	 events,	 and	
simultaneously	it	suppresses	Rayleigh	scattering	background.	Superhydrophobic	nanopillars	
arrays	 (Si)	 with	 a	 porous	 tip	 hosting	 Ag	 nanoparticles	 can	 concentrate	 molecules	 from	
solutions	 by	 localized	 droplet	 evaporation,	 while	 the	 porous	 structure	 fractionates	 small	
molecules	against	large	abundant	proteins,	and	the	Ag	nanoparticles	enhance	their	Raman	
signal	 through	SERS86.	 This	 setup	 can	detect	Rhodamine	6G	at	 10-12	M	 concentration	 in	 a	
background	of	albumin.	Coating	an	array	of	nanoneedles	with	silver/gold	bilayer	provides	a	


















real-time	the	 loss	of	 intracellular	GFP	fluorescence	 it	 is	possible	to	establish	that	sampling	
occurs	uniformly	across	the	cell	population.	The	loss	of	fluorescence	indicates	an	extraction	
yield	 of	 approximately	 6%,	 and	 suggests	 that	 30%	 of	 the	 extracted	 protein	 is	 collected.	
Extraction	from	single	cells	is	also	possible,	yielding	between	7-8%	of	the	intracellular	protein	




























potential.	 The	 more	 advanced	 sensing	 of	 electrical	 activity	 is	 currently	 capable	 of	 fully	
integrated	 measurement	 of	 highly	 parallel	 signals	 with	 high	 throughput	 that	 highlights	
complex	 behaviors	 and	 their	 response	 to	 external	 stimuli	 with	 unprecedented	 precision.	




varying	 degrees	 of	 complexity,	 all	 the	 way	 to	 biological	 fluids,	 tissues	 ex	 vivo	 and	 living	
organisms.		
Yet,	 the	 wide	 range	 of	 systems	 and	 strategies	 used	 for	 sensing	 clearly	 highlights	 the	
fragmentation	within	the	nanoneedle	world,	which	stems	from	the	widely	different	needs	of	
each	 application,	 and	 translates	 in	 the	 inability	 to	 design	 a	 one-size-fits-all	 device.	 This	
fragmentation	 in	 turn	hampers	progress	 towards	 translation,	as	 the	portability	of	 findings	
across	systems	is	limited,	and	the	discrepancies	in	observed	phenomena	that	arise	are	not	
easily	attributable	to	specific	characteristics	of	the	systems.	As	an	added	layer	of	complexity,	
each	 cell	 type	 and	 sensing	modality	 represent	 an	 almost	 unique	 system,	 given	 the	 broad	
differences	in	cell	morphology,	size,	mechanical	properties	and	signaling	networks	involved.	
This,	coupled	with	the	very	limited	knowledge	of	the	underlying	principles	of	cell-nanoneedle	
interaction,	 requires	 an	 almost	 ex-novo	 optimization	 of	 nanoneedle	 systems	 for	 each	
cell/tissue	target	and	for	each	intended	sensing	application.	Further,	despite	the	great	and	
rapid	 advances,	 the	 vast	majority	 of	 the	 literature	proposes	proof	 of	 principles,	 in	 largely	
idealized	conditions,	and	their	translation	to	the	more	complex	and	realistic	systems	is	so	far	
limited.	The	future	success	of	nanoneedles	for	biosensing	will	crucially	rely	on	the	solutions	
provided	 to	 key	 challenges	 regarding	 a	 deeper	 understanding	 of	 the	 nature	 of	 the	



















Invasiveness:	 The	 degree	 of	 unwanted	 perturbation	 induced	 on	 a	 biological	 system	 by	
interacting	with	it.	
Intracellular	 electrical	 activity:	 The	 variation	 in	 intracellular	 ion	 concentrations	 tightly	
regulated	 through	 ion	 channels,	 that	 determines	 changes	 of	 potential	 across	 the	 cell	
membrane.	These	variations	underpin	the	propagation	of	electrical	signals	in	excitable	cells.	
Biomolecule:	A	molecule	involved	in	the	functioning	of	a	biological	system.		
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